Introduction
Markers of chronic inflammation and oxidative damage increase in the mammalian CNS with age, whereas melatonin has demonstrated antioxidant, anti-inflammatory and immunomodulatory properties (Zhang et al., 1997; Reiter et al., 2000; Sharman et al., 2002a,b; Sharman et al., 2004; Pei and Cheung, 2004) . The pulsatile nocturnal peak level of melatonin decreases with age in rats (Pang et al., 1990) , mice (Lahiri et al., 2004a) and humans (Tozawa et al., 2003) , and is predicted to be involved in regulation of sleep, which is commonly disturbed in the elderly (Foley et al., 1995) .
The only well-established means of lengthening the lifespan of animals is caloric restriction, and notably, short-term caloric restriction increases melatonin levels in brain and gut (Bubenik et al., 1992) . Moreover, dietary supplementation with melatonin increases the lifespan of mice (Peirpaoli et al., 1994; Anisimov et al., 2000) and rats (Oaknin-Bendahan et al., 1995) . Thus it is reasonable to conclude that melatonin may play a role in promoting life extension. However, little is known of the mechanisms by which melatonin exerts these effects.
Melatonin is secreted by the pineal gland, which in mice is located atop the cerebral cortex but outside the blood-brain barrier. Melatonin receptor mRNA is detected in a number of areas within the CNS, including the pituitary pars tuberalis, the suprachiasmatic nucleus of the hypothalamus (von Gall et al., 2002) , the hippocampus and cerebellum (Al-Ghoul et al., 1998) . In the rat, melatonin receptor density decreases with age in the hypothalamus and the hippocampus (Laudon et al., 1998) , and melatonin supplementation increases both melatonin levels (Menedez-Pelaez et al., 1993; Lahiri et al., 2004a) and melatonin binding (Oaknin-Bendahan et al., 1995) in the brains of older animals. In the current study we sought to gain a better understanding of melatonin's possible neuroprotective mechanisms by comparing the age-related CNS gene expression patterns of young and old mice and old mice receiving dietary melatonin. We sought to improve the understanding of the aging process in the brain generally; thus we measured gene expression changes related to aging and melatonin common to the cerebrum as a whole, rather than inquire into detailed changes occurring in specific regions.
Experimental Procedures

Animal treatment
Male CB6F1 mice, a hybrid between C57BL/6JM and BALB/cJF from Harlan Labs (Indianapolis, IN), aged 4.5 months (young group, YC) and 26.5 months (old group, OC), were housed two to four per cage and maintained on a 12 hour light/dark cycle in a temperature controlled (22±1 ºC) room. The CB6F1 hybrid was used in order to take advantage of the vigor -increased disease resistance, better survival under stress and greater natural longevitytypical of hybrids, while maintaining genetic similarity to the published C57BL/6 mouse genome sequence (Waterston et al., 2002) . Food and water were provided ad libitum. Young (YC) and old (OC) control animals were fed a pelleted minimal basal diet (AIN-93M, Dyets #100900, Dyets Inc., Bethlehem, PA) consisting of 10% sucrose and 14% casein (w/w) as well as a minimal salt and vitamin mix. This basal diet was supplemented with 40 ppm (w/w) melatonin (Sigma-Aldrich, St. Louis, MO) in a separate group of old mice (OM). The dosage level was confirmed by independent testing (Irvine Nutri-Chemical Laboratories, Irvine, CA). This dosage was chosen because we have shown previously that it lowers levels of reactive oxygen species and improves activity in older mice (Bondy et al., 2002) . 9.3 weeks later, young mice were sacrificed at 4.5 months of age, old at 26.5 months of age.
Separately-caged sentinel animals were maintained in the same room to monitor for the occurrence of infectious disease; no disease was detected during the treatment period. All experiments were approved by the Institutional Animal Care and Use Committee at the University of California, Irvine, and conformed to the National Institute of Health guide for the care and use of laboratory animals.
RNA extraction and purification
Mice were killed by cervical dislocation between 10:40 and 14:40 hours and were visually inspected for signs of disease or other pathology; brain tissues were excised quickly, immediately frozen on dry ice and stored at −80 ºC. Cerebellum and brain stem were removed; total RNA was extracted from the remaining tissue using the TRI Reagent kit (Molecular Research Center Inc., Cincinnati, OH), following the manufacturer's protocol. Aliquots of the total RNA were further purified on an RNeasy column (Qiagen Inc., Valencia, CA) to yield a 260 nm to 280 nm absorbance ratio of ≥ 1.9. RNA concentrations were determined by absorption at 260-nm wavelength with an ND-1000 spectrometer (Nanodrop Technologies, Wilmington, DE).
Gene array processing and analysis
A 20 μg aliquot of total RNA from each of three animals per treatment group was processed and applied to a Mouse Genome 430 2.0 GeneArray ® chip (45,037 probe sets) according to the manufacturer's protocol (Affymetrix, Santa Clara, CA). Briefly, total RNA was reverse transcribed using a T7-Oligo(dT) Promoter Primer in the first-strand cDNA synthesis reaction. Following RNase H-mediated second-strand cDNA synthesis, the double-stranded cDNA was purified and served as a template for vitro transcription (IVT). The IVT reaction was carried out in the presence of T7 RNA polymerase and a biotinylated nucleotide analog/ribonucleotide mix for complementary RNA (cRNA) amplification and biotin labeling. The biotinylated cRNA targets were then cleaned up, fragmented, and hybridized to GeneChip expression arrays according to the manufacturer's instructions. All reagents used were as supplied in the manufacturer's One-Cycle Target Labeling and Control Reagents kit. The background, noise, housekeeper gene levels and 3′/5′ ratio values of all chips were within the quality control limits set by Affymetrix ( Supplemental Table A ). Normalized expression values from the raw data were generated using default settings for the Robust Multi-array Average (RMA) method (Irizarry et al., 2003) within GeneSpring (Silicon Genetics, Redwood City, CA). Subsequent statistical analysis was also performed in GeneSpring. The cross-gene error model was applied with replicates; poor-quality probe sets with p-values > 0.2 were eliminated. In order to focus only on genes that could be verified readily by qRT-PCR, probe sets with expression levels in the lowest 5%, or which had expression changes < 30% between the OC and OM groups, were dropped from consideration.
qRT-PCR gene expression analysis
qRT-PCR analysis was used to measure the expression levels of selected mRNA transcripts. Methylenetetrahydrofolate dehydrogenase 1 (Mthfd1) was chosen as a control gene as it has moderate expression levels in this tissue and its expression level has previously shown to remain consistent under a variety of experimental manipulations in similar tissues (Adlard et al., 2004) . Reactions utilizing equal amounts of total RNA from each sample were carried out on a LightCycler instrument (Roche Diagnostics, Indianapolis, IN) using the QuantiTect SYBR Green RT-PCR reagent kit (Qiagen, Valencia, CA) according to the manufacturers' directions. Product fluorescence was detected at the end of the elongation cycle at 72 °C. Melting curves all exhibited a single, sharp peak at a temperature characteristic of the primer pair used and none of the primer pairs produced amplicons in the absence of sample or reverse transcriptase. Expression levels for each sample, normalized to Young Control expression, were calculated as the average of two measurements, relative to Mthfd1 expression.
Data and statistical analyses
Expression ratios were calculated as the power-2 exponential of the log2 differences. The acceptance criterion for gene array expression changes was a one-way ANOVA t-test p-value of < 0.05.
For qRT-PCR mRNA analyses, differences between groups were assessed by one-way Analysis of Variance; this was followed by Gabriel's multiple comparisons procedure test as computed using the Clinstat program (Bland, 2000) . In all cases, the acceptance level of significance was p<0.05 using a two-tailed distribution.
Results
The entire set of 45,037 probe sets was analyzed for expression changes between young and old animals and old animals fed diets supplemented with melatonin. In order to validate the results from the arrays, three of the genes were further studied by qRT-PCR. The results from these analyses broadly confirmed the arrays (Fig. 1) . A representative experimental plot for serum and glucocorticoid-induced kinase (SGK) is shown in Fig. 2 .
Analysis within GeneSpring yielded an age-or melatonin-related set of 432 probe sets with expression ratio changes in excess of ±30% and with p<0.05 (Supplemental Table B ). The 30% value was chosen so as to identify genes with the smallest changes that would have an acceptably small probability of being false positives and could be readily verified by qRT-PCR.
Expression ratios for multiple probe sets representing a single unique gene were averaged. All resulting genes, classified as either changing with melatonin alone, or with both age and melatonin, are listed (Tables 1 and 2). Expression levels of seven genes that increased with age were decreased by melatonin treatment to approach levels in YC (Table 1) ; similarly, two genes were decreased with age and increased with melatonin treatment (Table 1) . Four genes were decreased by both age and melatonin ( Table 2 ). All of the seven genes whose expression was elevated with age and reduced by melatonin treatment have immune-related functionality; these included lipocalin 2, immunoglobulin heavy chain 6 (Igh-6, heavy chain of IgM), and immunoglobulin κ chain V8 (Igk-V8).
Four genes, including three stress-inducible heat shock proteins, were significantly decreased by age, and decreased further by melatonin treatment. Another set of four genes, including plasma membrane associated protein S3-12 and arrestin domain containing protein 2 (Arrdc2), were increased by both age and melatonin (Table 2) .
Genes whose expression levels were unaffected by age but increased by melatonin, included CCAAT/enhancer binding protein delta (Cebpd), DNA-damage-inducible transcript 4 (Ddit4), and pyruvate dehydrogenase kinase enzyme (Pdk4). Genes depressed by melatonin and unaltered with age included the oncogene, Ets-1 (Table 2) .
We measured the mRNA expression of arylalkylamine N-acetyltransferase (AANAT), the ratelimiting enzyme involved in the conversion of serotonin to melatonin, and of the melatoninspecific receptors Mtnr1a and RORa by qRT-PCR. Aside from a non-significant tendency for melatonin to lower their expression slightly, none were significantly affected by age or melatonin (data not shown). The data imply that the levels of these genes may have remained unchanged by these treatments throughout the major part of the brain we sampled; it is also possible that substantial changes in one region were counterbalanced by opposing changes in another region.
The mRNA expression for a second melatonin receptor Mtnr1b was not detectable by qRT-PCR (data not shown; the M430 genechip has no probe sets corresponding to this transcript). Two possibilities are consistent with this result. One is that Mtnr1b is expressed at very low levels in a relatively limited brain region; Mtnr1b mRNA has been detected in rat hypothalamus, for example (Sallinen et al., 2005) . A second possibility is that Mtnr1b is not expressed at detectable levels anywhere in brain, consonant with its nondetectability in ovine hypothalamus (Migaud et al., 2005) .
Discussion
4.1. Genes changed by age and reversed by melatonin 4.1.1. Immunoglobulins-All seven unique genes whose expression was both increased with age and reduced by melatonin treatment in aged animals are related to immune function. Genespring classifies as immune-related only 278 probe sets out of the total of over 40,000 measured. However, melatonin is additionally involved in a number of other age-modulated processes, such as antioxidant status and circadian rhythm signaling. While melatonin supplementation could be predicted to result in reversal of age-related increases in genes associated with any of these processes, only reversals of age-related increases in immunityrelated genes were detected. Thus, for all seven genes that were elevated with age and depressed by melatonin treatment to be immune-related, is especially remarkable.
Four of these immune-related genes were immunoglobulins -Igk-V8, Igh-6, Igj, and an immunoglobulin-related EST. The gene chip used has probe sets for at least 12 distinct immunoglobulin genes, with many redundancies, indicating that only a minority of immunoglobulin genes may be modulated by age and melatonin. 4.1.2. Lipocalin 2-Lipocalin 2 (Lcn2/NGAL/24p3) sequesters iron by binding to lipophilic iron chelators as part of the innate immune response to bacterial infection (Flo et al., 2004) . Lcn2 also plays a role in normal iron metabolism (Elangovan et al., 2004) . The proper functioning of Lcn2 may be especially important for myelin and oligodendrocytes, which contain particularly high levels of iron. Apoptosis of oligodendrocytes and myelin degeneration are both associated with brain aging, and are particularly pronounced in Alzheimer's disease (Bartzokis, 2004) .
We observed significantly higher Lcn2 mRNA expression in old animals compared to young controls and this may relate to the age-induced accumulation of iron in the CNS (Zecca et al., 2004) . Increased Lcn2 levels in other tissues are associated with numerous pathological conditions; among these are psoriasis and squamous cell carcinoma in skin (Mallbris et al., 2002) , cisplatin-induced nephrotoxicity (Mishra et al., 2004) , and the hepatic acute phase inflammatory response (Liu et al., 1995) . By analogy the age-related increases in Lcn2 expression seen here may have relevance to neural pathology, and the melatonin-induced Lcn2 reduction may help to maintain CNS functionality. Determining the extent to which Lcn2 protein levels follow these changes in mRNA is an important area for future study.
The promoter region of the murine Lcn2 gene contains an activation site for NF-κB (Cowland et al., 2003) , and levels of activated NF-κB increase in murine cortex with age (Ye and Johnson, 2001) . Thus, increased levels of NF-κB activation in the aged brain may explain, at least in part, the increased levels of Lcn2 mRNA observed. The increased levels of Lcn2 in turn add support to the notion that the aged brain is in a chronically inflamed state relative to the young.
Two genes, Tiparp and Agxt2l1, had the opposite response: their expression levels decreased with age and were restored to young-animal levels by melatonin; in contrast to the genes with expression increased by age, neither is immune-related.
Genes decreased by both age and melatonin
4.2.1. Heat shock proteins-Heat shock proteins are molecular chaperones that facilitate the correct folding of other proteins. They are highly inducible and their increased CNS expression in response to a variety of pathological conditions confers neuroprotection (Yenari, 2002) . Three of the four unique genes whose mRNA expression was decreased by both age and melatonin are heat shock proteins: Hspa1b (Hsp70), Serpinh1 (Hsp47), and Hspb1 (Hsp25). A fourth heat shock gene -Dnajb11, that previously has been reported to decrease significantly in aged mouse cortex (Jiang et al., 2001) , declined by 20% in our study (microarray data not shown). However, age does not appear to decrease the expression of heat shock genes in all cases. The heat shock protein Dnajb13 was reported to increase in C57BL/ 6 mouse cortex (Lee et al., 2000) , paralleling our report of an age-related increase of Hsp70 expression in B6C3F1 mouse cortex (Sharman et al., 2004) .
How heat shock gene expression changes affect animal fitness may vary with differing treatments. Given a greater requirement for repair of miss-folded proteins in aged cortex, the age-related decreased expression of these genes could result in a decline in brain function in aged animals. However, Lee et al., (2000) found that caloric restriction, a treatment widely found to result in life extension and improved function in aged animals, decreased the expression of Dnajb13; this decrease could be interpreted as a response to a decreased protein repair requirement in aged calorically-restricted animals. We propose that the decrease in heat shock gene expression produced by melatonin, as observed in both this and our previous study, may be a response to a similarly-improved condition.
Genes altered by melatonin but not changed with age
Serum/glucocorticoid-regulated kinase (Sgk)-Gene array measurements
(confirmed by qRT-PCR analysis) revealed that melatonin treatment increased expression of serum/glucocorticoid-regulated kinase (Sgk) in aged mice above corresponding levels in young animals. Increased CNS levels of Sgk may be beneficial via reduction of excitotoxicity through stimulation of the glutamate transporter, EAAT4 (Bohmer et al., 2004) . In cultured rat spinal cord neurons, the number of dendrites and dendritic branch points are increased by increased Sgk gene expression (David et al., 2005) . Higher hippocampal expression levels in rats correlate with faster spatial learning in the Morris water maze test (Tsai et al., 2002) . Thus increased levels of Sgk expression in the CNS produced following melatonin supplementation may result in similar beneficial effects. Such effects may also contribute to improved learning in older humans observed with nightly administration of 1 mg of melatonin (Peck et al., 2004) .
Nfkbia-NF-κB
inhibitor α (Nfkbia/IκBα) prevents activation of the transcription factor NF-κB which regulates expression of a number of oxidative-stress-related and inflammatory mediators such as cyclooxygenase-2 (COX-2) (Wu, 2005) . Increases in Nfkbia expression may thus be anti-inflammatory; decreased expression is deleterious as Nfkbia knockout mice are perinatally lethal (Cheng et al., 1998) . Our present results showing an increased Nfkbia expression with melatonin are consistent with a neuroprotective and antiinflammatory role for this substance.
DNA-damage-inducible transcript 4-Given melatonin's demonstrated
neuroprotective properties in an in vivo stroke model (Kilic et al., 2005) , upregulation of the stress-responsive gene DNA-damage-inducible transcript 4 (Ddit4/REDD1/dig2/RTP801) following melatonin treatment, is paradoxical. Ddit4 gene expression is upregulated by hypoxia in cell culture and by ischemia in rat brain, but its increased expression is accompanied by increased toxicity in non-dividing neuron-like PC12 cells and protection of MCF7 breast carcinoma cells (Shoshani et al., 2002) . Furthermore, Ddit4 gene expression is increased by exposure of human neuroblastoma CHP134 cells to amyloid beta (Aβ) protein, and transient overexpression of the sense gene heightened Aβ toxicity, while overexpression of the antisense gene reduced susceptibility to Aβ in these cells (Kim et al., 2003) . These results are consonant with our failure to observe any improvement in cortical histopathology or memory after chronic feeding of melatonin in a triple-transgenic mouse model of Alzheimer's disease (Sharman, Bondy and LaFerla, unpublished results) . However, in our earlier animal studies on nontransgenic mice, we observed a significant reduction in levels of Aβ peptides only in middleaged (12 months old) compared with older mice (27 months old) (Lahiri et al., 2004b) . The reason for the age dependency of effects of melatonin supplementation on levels of these proteins is unclear; nevertheless these data are consistent with the very modest benefits of melatonin for Alzheimer's disease patients in a recent clinical trial (Asayama et al., 2003) .
C/EBP-δ-CCAAT/enhancer binding protein (C/EBP)-δ is a transcription factor
widely expressed in mammalian CNS (Reiter et al., 2000) . C/EBP-δ mRNA levels are elevated by melatonin supplementation and is expressed throughout the CNS, including the hippocampus. In one study, targeted gene deletion of C/EBP-δ produced an enhanced contextual fear response in mice after 24 hours, but not after 30 minutes (Sterneck et al., 1998) . Conversely, hippocampal C/EBP-δ mRNA expression was increased 20 hours after inhibitory avoidance training in the rat (Taubenfeld et al., 2002) . These two studies point to an important role for this transcription factor in long-term memory consolidation, and the observed elevation of C/EBP-δ suggests melatonin supplementation has the potential to benefit memory consolidation.
Overexpression of C/EBP-δ led to accumulation of myelin protein zero (P0) and myelin basic protein (MBP) mRNAs in a Schwann cell myeloma cell culture model (Kamaraju et al., 2004) . Loss of C/EBP-δ also promotes chromosomal instability in fibroblast cell culture (Huang et al., 2004) implying that it can function as a tumor suppressor. Consistent with this role for C/EBP-δ is our observation that untreated old animals exhibited a higher incidence of tumors than melatonin-supplemented ones. 4.3.5. Pyruvate dehydrogenase kinase (pdk4)-Melatonin increased the mRNA expression for pyruvate dehydrogenase kinase (pdk4). Pdk4 phosphorylates the pyruvate dehydrogenase complex, resulting in a suppression of complex activity and a shift from carbohydrate to fatty acid metabolism. Pdk4 gene expression is also elevated in several tissues of the ground squirrel Spermophilus tridecemlineatus during hibernation (Buck et al., 2002) ; the parallel elevation of Pdk4 by melatonin is consistent with the finding that melatonin supplementation lengthens hibernation duration in the related species Spermophilus lateralis (Saarela and Reiter, 1994) .
Ets-1-
The melatonin-induced decrease in Ets1 mRNA expression is consistent with melatonin being oncostatic (Saez et al., 2005) . Ets1 protein is upregulated in many tumors including brain tumors such as astrocytomas and meningiomas, and the degree of expression upregulation correlates with tumor invasiveness (Dittmer, 2003) . The light experienced by night shift workers suppresses their nocturnal melatonin secretion, and female night shift workers have increased breast cancer incidence (Davis et al., 2001) . Moreover, urinary levels of melatonin's excretory product 6-sulfatoxymelatonin are decreased in breast cancer patients (Schernhammer et al., 2004) .
Broad relevance of results
The results reported here on immune function are in broad accord with our earlier study using a different gene array, different dietary melatonin schedule and a different mouse strain (Sharman et al., 2004) . The generality of these findings is further confirmed by the good correlation obtained when comparing mouse and human genes that change markedly with age (Sharman et al., 2005) .
Expression of genes for melatonin receptors was not significantly changed with age. The simplest interpretation of this is that the reduction of melatoninergic activity occurring with age, leads to little overall alteration of receptor gene expression. It is also possible that increased receptor gene expression in one part of the brain is negated by a decrease of similar magnitude in another part.
The protective effects of melatonin, together with its low toxicity and its capacity to increase mRNA levels of immune-and memory-related proteins, suggest that this hormone should be investigated further as a treatment of age-related neurological disorders.
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Transaminase Alanine-glyoxylate aminotransferase 2-like 1 OC/YC = ratio of expression in old control animals to expression in young control animals; OM/OC = ratio of expression in old melatonin-fed animals to expression in old control animals. Bold ratios determined by gene chip analysis; ratios in parentheses determined by qRT-PCR.
Table 2
List of probe sets with significant melatonin-related gene expression changes. Probe sets are identified by gene abbreviations and GenBank accession numbers.
Normalized expression values from the raw microarray data were generated using the Robust Multi-array Average (RMA) method (Irizarry et al., 2003) within GeneSpring. OC/YC = ratio of expression in old control animals to expression in young control animals; OM/OC = ratio of expression in old melatonin-fed animals to expression in old control animals. Bold ratios determined by gene chip analysis; ratios in parentheses determined by qRT-PCR.
